THIS ARTICLE provides a quantitative mapping of the distribution of DPN-diaphorasc activity in thc nuclei and regions of the human brain. Measurements in fibre tracts were included although the article refcrs mainly to findings in grey matter; a detailed account of the enzyme pattern in white matter was published previously (FRIEDE, 1961h).
THIS ARTICLE provides a quantitative mapping of the distribution of DPN-diaphorasc activity in thc nuclei and regions of the human brain. Measurements in fibre tracts were included although the article refcrs mainly to findings in grey matter; a detailed account of the enzyme pattern in white matter was published previously (FRIEDE, 1961h).
M A T E K I A L A N D M E T H O D S
Histochemicul techiyues. Six normal adult human brains from average post mortem material were used. They were placed in neutral 10% formalin 3-9 hr after death and fixed at 5" for 2 days. After I-day fixation, the material was blocked into pieces 4-6 mm thick. Frozen sections were cut a t 30 p, rinsed in H,O and incubated for 2 hr at 38" with frequent agitation. The method of FARBER, STERNBERG and DUWAP (1956) was employed, using Nitro BT and tris buffer. Other techniques such as that of SCARPELLI, HESS and E (1958) and other tetrazolium salts had been used with identical resu1ts.t The pH of the incu medium was always adjusted to 7.35. Sections from each block were incubated in individual jars and the proportion of incubation media to tissue was approximately the same for each. The reaction was stopped by transferring the sections to 10% neutral formalin. Half of thc sections were mounted in glycerin gel; the others were dehydrated and mounted in Permount. Random material was used for the demonstration of succinic dehydrogenase (NACHLASS e f al., 1957) and cytochrome oxidasc (BURSTONE, 1Y58) in 60 11 unfixed sections.
@rantifurire techniques. For quantitative DPN-diaphorase determinations large series were used from three normal human brains. They were fixed and sectioned in the same way as sections used for histochemical studies. The incubation medium was the same except that the monotetrazolium salt INT was substituted for Nitro BT because Nitro BT formazan is very insoluble. The final concentration of tetrazolium salt in the incubation medium was 0.23 mgiml for both the histochemical and quantitative studies. The sections were stored in chilled distilled H,O until all the sections from one brain were cut. After all the sections were transferred to a beaker containing the buffer component of the incubation medium, they were gently poured into the rest of the incubation medium in a 2 I.
Erlenmeyer flask which was shaken constantly in an Eberbach shaker-water bath a t 38" for 2 hr. The reaction was stopped by transferring the entire contents of the flask into a large quantity of lOu/d formalin. The constant shaking increased the rate of the reaction and prevented uneven staining due to folded tissue. To make an accurate comparison of the amount of I N T reduced formazan in all areas it was necessary completely to eliminate even minute variations in the time and temperature of fixation and incubation, in the degree of shaking and, particularly, in the proportion of tissue to incubation medium. Thus, all the sections from one brain were incubated in a single large quantity (600ml) of incubation medium. When this is done, it is a reliable method for showing patterns within one specimen. It has been shown that the quantity of formazan formed is directly proportional to the enzyme activity ( SHELTON and RICE, 1957) . If the method was to be applied to experimental specimens, it was necessary to incubate sections from a control specimen in the same incubation bath each time. A 3 x 2 in. slide was covered with parafilm and each section was temporarily mounted on this to facilitate punching of small discs in the areas of interest. Sharpened stainless steel tubes, 1.1 mm and 2.4 mm in diameter were used to cut the discs. The INT formazan of each disc was extracted in 3 ml of 3: 1 (v/v) ethanol-tetrachloroethylene (Eastman, Rochester, N.Y.) . One drop of I N-HCI was added to each tube of extracted forrnazan, to ensure that the colour would be stable for
The discs of the olivary and dentate nuclei were photographed before the formazan was extracted from them. The photomicrographs were measured planimetrically t o determine the proportion of grey and white matter in each. By using this ratio and known values from adjacent discs of white matter, the formazan per 0.0434 mm3 was calculated for these nuclei.
R E S U L T S
Arraqement of data. Table 1 contains the results of about 2,400 measurerncnts made in thrce human brains. Since the data for a given nucleus were in the same order in' all the brains, the means refcr to the collected data from all three brains; the number of measuremcnts for any given nucleus was about the same in each brain. This pooling of data increased the standard deviation slightly but it provided an average. typical pattern of enzyme gradations among nuclei. Measurements in the nuclcus anterior dorsalis thalami and the nucleus mammilaris were listed separately for case No. 2 because the data in these areas differed from those of cases Nos. 1 and 3.
Data previously obtained in a mapping of the cat brain (FRIEDE, 1961~) are included in Table 1 to facilitate comparison; they refer to dcnsitomctric measurements of the succinic dehydrogcnasc reaction in tissue sections and to counts of the capillarization of nuclei in the medulla oblongata of the cat; for further information, the histochemical atlas should be consulted.
Thc typical cytological details of enzymc distribution in the nuclci of thc human brain are described in Table 2 . Particular attention is focusscd on the gradations of enzymic activity i n the pcrikarya and the neuropil, and on the sharpness of the borders (1954) .
Correlation coefficients for the data in Table 1 of nuclei. Some of the measurements from Table 1 are rcpeated in Table 2 to facilitatc comparison of general gradations and cytological pattern.
A series of photomicrographs (Figs. 1 19) shows the typical patterns of enzyme distribution. Since most of the information concerning them is included i n Tables I and 2, the following text is limited to certain general conclusions.
A cornpiirison q f ilensitornerrir and spectroplio fometric jornia:an nieasuretnents
The data from the cat brain studies have been included in this paper for comparison of the enLyme patterns i n thc two species as well as for comparison of the technical reliability of the densitometric and spectrophotomctric measurements. The almost identical data obtained by tissue densitometry and by the spectrophotometric measitrement of extracted forrnazan showed that both methods, handled with iicccssary caution, were reliable and exact for the demonstration of enzyme patterns in the brain. Microscopic densitornctry permitted one to focus a small nucleus more closely. The spectrophotometric data provided a general avcrage of the region, sometimes including adjacent tissue with a weaker reaction. Slightly higher densitometric data were marked by an asterisk wherever we felt that the spectrophotometric dataincluded some adjacent tissue with a weaker reaction. The densitometric readings were slightly lower in comparison with the spcctrophotometric data in all regions with very weak reaction, particularly in white matter.* * Data obtained since the submittance of this papcr (using both assays and histochemical measurcments) indicated that the proportion of gray and white matter was trulygreater for succinic dehydrogenase than for DPN-diaphorase.
Oxidative enzymes in human brain
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There has been some recent discussion as to the specificity of various tetrazolium salts. The densitometric data on the cat refer to sections stained with Nitro BT while the spectrophotometric data refer to INT. The nearly identical results do not indicate any significant differences among these tetrazolium salts.
Comparison of cat and human medulla oblongata
An atlas of the distribution of four oxidative enLymes (succinic dehydrogenase, cytochrome oxidase, DPN-and TPN-diaphorase) in thc cat brain stem has been published (FRIEDE, 1961~). The densitometric measurements of succinic dchydrogenasc reported in this atlas are included in Table 1 . Comparing the pattern of succinic dehydrogenase in the cat brain with that of DPN-diaphorase in human brain, one was struck by their similarity. The general gradations among nuclei were identical for both species; even detailed gradations within certain nuclei were alike. For example, the portions of the reticular formation which project to the cerebellum (nucl. reticularis paramedianus, nucl. reticularis lateralis, and nucl. reticularis tegmenti of Bechterew) showed markedly stronger enzymic activity than that of the rest of the reticular formation (compare Figs. 2, 3 and 9). Furthermore, the detailed gradations of enzymic activity in the central grey substance were identical in both species: Enzymic activity decreased from the pons to the caudal part of the aqueduct. At the level of the inferior colliculus there was stronger enzymic activity in the dorsal part than in the ventral part of the central gray matter, the latter showing exceptionally weak activity. At the level of the superior colliculus, enzymic activity increased, being strongest in the dorsal-latcral portions. The measurements in the cat cervical cord and cerebellum did not match the human data. This is difficult to interpret without further investigation.
Measurements in the human brain were made only for DPN-diaphorase. Random sections were studied for succinic dehydrogenase and cytochrome oxidase. These enzymes showed the same distribution as DPN-diaphordse. Such observations and the data from the cat brain provide evidcnce that the patterns of several oxidative enzymes and of capillarization are identical, evidently indicating normal gradations of the oxidative nietabolism among nuclci.
Comparison of the diencephalon of man and guinea p[q
The enzyme pattern of the medulla oblongata did not seem to change aniong the species studied. However, in the thalamus there were marked differences between man and guinea pig. The present mapping of DPN-diaphorase and random material on succinic dehydrogenase and cytochrome oxidase in man was compared with thc distribution of succinic dehydrogenase (FRIEDE, 1961a) and DPN-diaphorase in the guinea pig.
Gradations among thalamic nuclei were much less accentuated i n man than in the guinea pig, where the individual nuclei formed quite contrasting patterns. However, considerable gradations of enzymic activity were observed within certain human thalamic nuclei, such as the ventral and lateral nuclei and the pulvinar. These were characterized by irregular bizarre patches of strong enzymic activity. These patterns were too diversified to permit one to distinguish the typical findings from individual variations. Two areas showing distinct species differences, presumably phylogenetic, (Fig. 3) . Enzyme pattern similar t o XI1, but distinguished by stronger reaction in the neuropil. Diffusely distributed weak reaction with some nerve cells distinguishable (Fig. 3) .
Strong reaction in neurons and their dendrites, in contrast to the weak reaction in intervening neuropil. Pigmented cells have little activity (Fig. 3) . Diffusely distributed weak reaction throughout the neuropil, no cells are distinguishable, except in the magnocellular part, where a strong reaction is found in nerve cells (Fig 3) . Very strong reaction in the large cells and their long dendrites; weak reaction in the reticular neuropil (Fig. 4) .
Fewer cells distinguished than in the medial part; diffusely distributed reaction in the neuropil.
This nucleus is distinguished by a stronger reaction in the neuropil and probably also in the cell bodies (Fig. 3) .
Very strong reaction in !he cells and their dendrites; weak Strong reaction in the dense neuropil. Resembles closely the reaction in the neuropil (Fig. 5) .
nucl. reticularis paramedianus (Figs. 
2, 3).
Nerve cells and their dendrites show a contrasting strong reaction; weak reaction in the neuropil (Fig. 3 ).
Boundaries well defined by the strong reaction in the neuropil. .Medulla oblongata--(canr'cl)
Very strong reaction in the cell bodies which are clearly distinguishable; strong and homogeneously distributed reaction in the intervening neuropil.
Very strong reaction in the cells, strong and diffusely distributed reaction in the neuropil. (This nucleus resembles the griseum pontis) (Fig. 3) .
KeuropiI with a homogeneously distributed strong reaction.
Some cells show a very strong reaction. (Fig. 5) .
Weak to medium reaction in the neuropil; only some of the cells are demonstrated by a strong reaction (Fig. 4) .
Strong reaction in the cells and their short dendrites; the neuropil is scanty and 'flocculated' (Fig. 4) . (Fig. 4) . 7 ).
Very strong reaction in cells, strong reaction in the neuropil in which many dendrites are discernible. Many cells are situated outside of the neuropil while their dendrites project into the neuropil (Fig.   7 ).
Diffusely distributed reaction, high power shows a delicate network of dendrites. Large dendrites of Purkinje cells are outlined by strong reaction (Fig. 6 ).
Very strong reaction in the petikarya, weak reaction in the intervening glial tissue (Fig. 6) . Excessively strong reaction in the synaptic glomerula cerebellaria. Almost no reaction in the perikarya of the granular cells (Fig.   6 ).
Pons
Very strong reaction in the motor cells; strong reaction in the neuropil which has a reticular texture. Compact, homogeneous neuropil with a strong reaction ; the neuropil is arranged in irregular clusters. Nerve cells are not discernible. Resembles the motor trigeminal nucl. (Fig. 5) .
Very strong reaction in the motor cells, strong reaction in the homogeneous neuropil which is perforated by fibre bundles. (Fig. 5) .
Very strong reaction in the medium-sued nerve cells; their dendrites blend with a dense, reticular neuropil with strong reaction.
Sharply defined by the surrounding whlte matter. Very sharp borders. (Fig. 5) .
Round cells with a strong reaction; scarce neuropil; the dendrites are poorly demonstrated. (Fig. 5) .
Same enzyme distribution as in the medulla oblongata. (Pars medialis and lateralis) (Fig. 9 ).
Very strong reaction in the cell bodies; the neuropil has a distinctly stronger reaction than the adjacent nucl. reticularis. Many dendrites are distinguishable in the neuropil which has a reticular texture similar to the nucl. reticularis paramcdianus. The neuropil of the griscum pontis is more compact and has a stronger reaction.
Strong reaction in both the cells and the dense, homogeneous neuropil. Therc is variation among regions of the griseum pontis ( Fig.   8 ).
Diffuse reaction in the neuropil, which has a "patchy" structure. No cells are distinguishable (Fig.   9 ).
Diffuse weak reaction in the neuropil; no cells distinguishable Strong reaction in the cells; medium reaction distributed (Figs.  9, 10) . diffusely in the neuropil (Fig. 10) . 
Consult
Pons-(cont 'd)
Diffuse reaction in the neuropil; medium reaction in the nerve cells. Succinic dehydrogenase appears to be weak in nerve cells (Fig.   9 ).
Strong reaction distributed diffusely in the neuropil; cells are not distinguishablc (Fig. 9) .
Mesencephalon
No or extremely weak enzyme activity. Strong diffusely distributed reaction in the ncuropil from which no cells are distinguishable (Fig. 10) . Homogenous distribution of a weak reaction in the neuropil ; few cells are discernible. The dorso-rostal portion of the griseum centrale has a stronger reaction than the ventrocaudal portion (Fig. 11) . Weak reaction in the scanty neuropil; therc is strong reaction in some of the large nerve cells (Fig.   10 ).
Very weak reaction; no cellular details distinguishable. Weak reaction in both nerve cells and the neuropil (reaction Strong reaction in neurons, medium in the neuropil (Fig.   9 ). 
I I).
Very strong reaction in the molecular layer; medium reaction in the deeper cellular layers; weak reaction in the fibre laminae.
In all these regions, the reaction is found in the neuropil: very few cells are distinguishable. Large nerve cells with a strong reaction are seen in the lateral ventral portion of the deeper layers (Fig. 1   I) .
Very strong reaction in the cells and dendrites, strong reaction in the neuropil which has a reticular texture (Fig. 11) . (Fig. 14) . Very weak, diffusely distributed reacrion. No cells are distinguishable (Fig. 14) .
Very irregular pattern:
A diffuse reaction is found in the neuropil, but it shows considerable local changes. The reaction in cells varies; it is prominent in the dorsal portion.
Occipitally, there is a more homogeneous enzyme pattern.
Strong reaction in cells and dendrites; there is a scanty 'flocculated' neuropil.
Very strong reaction in the cells, strong reaction in the homogeneously distributed neuropil.
Hypothalamus
Very homogeneous distribution of a weak reaction in the neuropil. Cells are not distinguishable in the medial portion; the lateral portion shows cells with a strong reaction in a very irregular distribution. Individual nuclei are not delineated from each other except the supraoptic and paraventricular nucleus which are barely distinguished by weak activity in their cells (Fig. 15) .
The nucleus, as a complex, is sharply delineated: within the nucleus there are no sharp subdivisions.
The nucleus appears as a conspicuous, sharply delineated light area among the thalamic nuclei. Sharp boundaries. The nucleus is defined by the distribution of its characteristiccells rather than the neuropil.
The neuropil of the individual laminae is sharply delineated.
No sharp boundaries, there is a diffuse transition of the neuropil into the thalamic midline nuclei and other adjacent nuclei. were the centre median and the dorso-medial nucleus. As the histochemical sections clearly demonstrated (Fig. 14) , the human brain showed a well defined centre median with low enzyme activity appearing as a 'punched out' area; this pattern was not observed in the guinea pig. The human dorso-medial nucleus had relatively strong enzyme activity in contrast to the weak activity of the homologous region in the guinea pig. This was in accordance with the findings for the fronto-polar cortex which likewise had strong activity in man and weak activity in the guinea pig. The extra thalamic diencephalic centres had similar enzyme patterns in both species, such as the weak activity in the hypothalamus, or the contrasting differentiation of the corpus subthalamicum (strong reaction) from the substantia nigra (weak reaction). These observations indicate a tendency of caudo-cranial differentiation of the chemo-architecture of thc brain. The human thalamus resembled only general outlines of the guinea pig pattern, while the patterns in the medulla oblongata were alike.
Cerebral isocorrex. The cnzytne patterns in the areas of human isocortex were similar to each other in principle but showed minor variations in the individual areas.
The upper four layers showed diffusely distributed enzyme activity in the neuropil, in which only a few perikarya of pyramidal cells were distinguishablc by stronger enLymic activity. There was an increase of enzynie activity from the first, or molecular, layer toward the second and third layers. The fifth and sixth layers showed a decrease of enryme activity in the neuropil; many, but not all of the pyramidal cells exhibited strong activity in their perikarya and the proximal dendrites; there were considerable gradations of activity among individual pyramidal cells. This general pattern varied among the cortical areas as to the thickness of the layers, the number of perikarya with strong enzymic activity and a finer gradient of activity in the neuropil. However, the present large cortical material revealed such an abundance of minor differences among spccirnens and regions that it was difficult to distinguish the typical features of an area from individual variations. The visual cortex (Area 17) and the postcentral region were characterized by a thin lamina of very strong enLyme activity in the fourth layer; this lamina terminated sharply at the borders of the optic area (Fig. 16) , while it showed smoother transitions in the postcentral region. Spectrophotometric nieasurements of formazan revealed the typical gradations among regions as found in the guinea pig cortex (FRIEDE, 1960) ; howcvcr, the differences among areas were less accentuated in man than in the guinea pig. For both species. gradations among cortical areas were characteristic in the IInd to lVth layers; the temporal cortex showed weakest enzyme activity, having less than the frontal and the parietal cortex, while highest activity was in the occipital and postcentral cortex. The strong cnzymic activity in the fronto-polar region was in contrast to the findings of weak activity in the guinea pig.
The gradations of succinic dehydrogenase activity in the upper cortical layers of the guinea pig were paralleled by similar gradations among the thalamic nuclei which project to these regions. This correlation was not as clear-cut in the human brain, since gradations of enzymic activity were less accentuated both in the thalamus and the cortex. The high activity in the fronto-polar cortex was reflected by high activity in the dorso-medial thalamic nucleus, which projects to the fronto-polar cortex. AIlocortes. The pyramidal cells of the fascia dentata (lamina pyramidalis) showed little DPN-diaphorase activity, thus appearing as a light stripe (Figs. 18 and 19) . Strong activity was found in the adjacent molecular layer (lamina molecularis) which was sharply divided into a deep sublamina with weaker activity and an upper sublamina with stronger activity (Fig. 19) . The ammonshorn (Fig. 18) showed a band of diffuse enzymic activity in the neuropil and relatively little in the perikarya of the pyramidal cells, except those in Sommer's sector, which showed some activity.
The olfactory bulb (Fig. 17) showed very strong activity in the synaptic glomerula olfactoria, and somewhat weaker activity in the outer plexiformc layer; little reaction was secn in perikarya. This pattern was identical with that in the guinea pig.
DISCUSSION
The present article is mainly of fact-finding nature; the volume and variety of data supplied renders it difficult to provide an adequate discussion. Several implications of chemo-architecture have been discussed in preceding articles on the guinea pig brain (FRIEDE, 1960; 1961~7, c) . The present discussron, therefore, is limited to a few general comments.
The purpose of knowledge of chemo-architecture is to help achieve the ultimate goal of understanding all metabolic phases in all regions of the brain. The dimensions of this task limit one either to complete mappings of the distribution of a few enzymes in the entire brain or to broader studies of a spectrum of enzymes in a selected region. Both approaches supplement each other and contribute toward the same goal.
The present data show almost identical patterns of the distribution of DPNdiaphorase, succinic dehydrogenasc, and capillarization in the medulla oblongata even though the data were derived from different species and by different techniques. Random material and previous studics indicate a similar distribution of cytochrome oxidase and TPN-diaphorase. This substantiates the assumption that the patterns described demonstrate general gradations of tissue oxidation and energy metabolism, including particularly the citric acid cycle. With this baseline available, one can go on to compare in detail the patterns of enzymes involved in more specific metabolic phases such as the glucose-shunt, or the transmitter-substances.
Even at the present state of knowledge one can benefit from the application of these data to problems of neuropathology. A mapping of the deposition of lipofuscin in the nuclei in the aging human brain showed its extent to be proportional to the normal regional gradations of oxidative enzymic activity (FRIEDE, 1961 d) . This was considered as an indication that the deposition of lipofuscin, or 'wear-and-tear pigment', was proportional to the regional 'wear and tear', that is, the intensity of the oxidative energy metabolism.
S U M M A R Y
This article provides a detailed mapping of the distribution of DPN-diaphorase in the human brain with histochemical enzyme techniques. Measurements of the gradations of the histochemical reactions were made by spectrophotometric measurement of the formazan formed. The mapping includes measurements in about 135 regions, a description of the cytological enzyme patterns, and 19 photomicrographs. Comparison with previous data from thc cat brain reveals a striking similarity between the distribution of DPN-diaphorase in the human medulla oblongata and of succinic dehydrogenase and capillarization in the cat. The enzyme patterns described evidently reflect general gradations of oxidative energy metabolism.
A tendency towards caudo-cranial differentiation of the chemical architecture of the brain is noted, thalamus and cerebral cortex being the most variable regions.
